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NATIONALADVISORYCOMMD!TEEFQRAERONAUTICS

TMX3NICALNOTE2878

COM81NEDEFFECTOFDAMPINGSCREENSANDSTREAM

co=mcE ONmw~

By MauriceTucker

An analysisispresentedofthecodoinedeffectofa seriesof
dampingscreensfollowedby anaxisymuetric-streamconvergence(ordiverg-
ence)uponthemean-squarefluctuation-velocityintensities,scales,
comelations,andone-itimensionalspectraofa turbulencefieldcon-
vectedby a mainstream.Thetreatmentisrestrictedtonegligibletm-
bulencedecayandlinearizedbypostulatingsmallfluctuationvelocities
andvelocitygradients,andabsenceofviscosityexceptas simulatedby
theidealizedscreenaction.Compressibilityofthen@_nstreamis
allowedforduringpassagethroughthecontractingsection.Thedensity
fluctuationsassociatedwiththeturbulencefieldarere~ded as
negligible.

Numericalresultsforthestatisticalquantitiesdescribingthe
turbulencefielddownstreamofa screen-contractionconfigurationare
obtainedforthecaseofupstreamisotropicturbulence.Theactionof
thedampingscreensandthestreamconv=genceisto distortthisini-
tiallyisotropicfieldintoa fieldoftwbulencesymetricaboutthe
longitudinaldirectionwi.ththelateralfluctuationvelocities~eater
inmagnitudethanthelongitudinalvelocities.

An approximatemethodoftakingintoaccounttheeffectsoftur-
bulencedecayuponthemean-squarefluctuationvelocitiesobtainedfor
thecaseofneg~gibledecayispresented.Thismethodofcorrection
togetherwiththetabulationoffluctuation-velocityratiosoveran
extensiverangeofconditionsshouldproveuseful.forengineering
applications.

The
settling
attaina

INTRODUCTION

useoffine-meshordampingscreenslocatedina low-speed
chsmberfollowedby a contractingpassage(entrancecone)to
low-turbulencetest-sectionflowiswelllmownfromthe

.
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2 NACATN 2878

qualitativestandpoint.DrydenandSchubauer(reference1)havepre-
sentedexperimentaldataregardingthecotiinedeffectof screensanda
contractionontheintenqityofturbulence.Existingtheoreticalstudies
areconfinedto eithertheeffectofthescreensorofthestreamcon-
tractiononturbulence.TaylorandBatchelor(reference2)haveobtained
theeffectofa dampimgscreenlocatedina constant-areapassageupon
a tripleFourierintegralrepresentationofa twbulentfield.The
effectofa contractionupona s~lar representationisanalyzedin
reference3. Inbothreferences2 and3 initialisotropyispostulated
inorderto obtainnumericalresults.

.

Theanalysesofreferences2 and3 indicatethatintheabsenceof
decayeffects(dissipationandmixing)au hitiallyisotropicturbulence
fieldwi,llbedistortedintoa fieldoftmbulenceaxisymmetricabout
themeanflowdirectionuponpassagethrougheithera dampingscreenor
an axisymmetriccontraction(contractionwithallcrosssectionssimi-
lar). An analysisofaxisymmetricturbulenceisgiveninreference4.
In conventionalwind-tunnelconfigurations,turbulencethatisinitially
isotropicwillthushavebeendistortedintoaxisymmetricturbulence
afterpassagethroughthefirstoftheseveraldampingscreensandwill
remainaxisynmetricwhiletraversingtheremainingscreensandthefol-
lowingcontraction.hasmuchastheexpressionsobtainedinreference3
forthedownstreammean-squarevelocityfluctuationsrequirethatthe
turbulenceupstreamofthecontractionbeisotropic;theresultsofref-
erences2 and3 cannotbe conibinedinanysimplemannerto obtainthe
jointeffectofscreensanda contractiononturbulencethatis ini-
tiallyisotropic.

Thepresentanalysistreatsthecmibinedeffectofa seriesof N
(symbolsaredefinedi?iappendixA) identicaldampingscreensanda
downstreamaxisymmetriccontractionuponthelongitudinalandlateral
turbulencevelocityfluctuations,scales,correlations,andspectraof
a turbulencefielddescribedby a tripleFourierintegral.Theconfig-
urationis shownschmticall.yh figure1. Althoughcompressibility
ofthemains@eamisallowedfa duringpassagethroughthecontraction,
thedensityfluctuationsassociatedwiththeturbulenceareregardedas
negligible.Theassumptionofsmallturbulentvelocityfluctuationsand
‘velocitygradientstogetherwiththepostulatedabsenceofviscosity,as
inreferences2 and3, impliestheabsenceofturbulentdecayprocesses
andlinearizesthegoverningequationsforboththescreenandcon-
tractioneffects.

Aftera discussionofthespectrumconceptsusedinthepresent ,
analysis,theprelhimaryportionsoftheanalysiswhichborrowfromthe
resultsofreferences2 and3 areconcernedwiththeeffectofa screen
andofa streamcontractionupona representativewaveorFouriercom- ,4
ponent.Briefly,thescreenaffectsonlytheamplitudevectorofthe
wave;thecontractionactsto changeboththesmplitudeandwave-nuuiber .
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vectors.Inviewofthelinearizedanalysisand
ofmodulationormutualinterferencebetweenthe
_ UPafieldofturbulence,thecorrelation

3

theresultingabsence
arrayofplanewaves
tensorisdeveloped

fromtheresultsobtainedfora typicalwave. Thespectraltensoris
obtainedas theFouriertransformofthecorrelationtensor.Turbulence
velocityandscaleratiosobtainedfromthespectraldensities(diagonal
componentsofthespectialtensor)arethengivenintabularformfor
theconditionofupstreamisotropicturbulence.Theone-dimensional
spectraandthecorrelation-coefficientcurvesfora specialcaseof
upstresmisotropicturbulencearealsodetermined.An approximationfor
takingtitoaccountdecayeffectsis suggested.Thisinvestigationwas
conductedattheNACALewislaborahry.

ANALYSISFORlIlZGlZGlB13ZDECAY

. SpectralRepresentationofTurbulence

Turbulenceisoftenregardedasa assemblyof eddiesofrandomly
VUY@! sizeandtitensity.Thepresentanalysistreatstheturbulent
fieldasa spectrumofplanesinusoidalwaveswithallpossiblewave-
lengths,wave-frontorientations,andphases.Thissuperpositionprovides
thenecessarythree-dimensionalcharacterto theturbulencerepresenta-
tion.Largeeddiesthusarerepresentedby wavesof largewavelength
(smallwavenuniber). Thefluctuation-velocitycomponents%(T = 1,2,3)
arerepresentedata giveninstantby thetripleFouriertit&g’al

(1)

whine x isayositionvector,~ a wave-amplitudevector(reference3),
and k a wave-nunikrvectornormaltothewavefront.Inorderthat
the~~veampli@devector~ be finite,thefieldofturbulence
describedby equation(1)isassumedto occupya boundedregionandto
vanisheverywhereoutsidethisregion.Forthecasetreatedhereinin
whichthefluctuationcomponentsarerelatedby theincompressible-flow
formofthecontinuityequation

x%%=”
Y

theplanewavesofequation(1)aretransvase.Inthesummationof
equation(2)theindexT coverstherangeofvalues1,2Y3.

0

(2)

—-.—.— — —— .. —



4 NACATN 2878

In orderto obtainthespectraltensorand,inturn,themean-
squarevelocityfluctuations,itwillbe convenientto discussfirstthe
correldiontensorandindicateitsrelationwiththespectraltensor.
Thecorrelationtensor~(rJ isdefinedasthespatialmeanvalueof
theproductofthevelocitycomponent~ at ~ andthevelocitycom-
ponent~’ at ~’=x+~ as x variesandtheseparationvectorr
ofthetwopointsrema-tifixedd~ing theaveraging.If itisassume~
thatthefieidofturbulenceishomogeneousandstatistica~ysteady
andthatthefieldis confinedtoa Parallelepipedsofedges2D1,2D2,
2D3 andvanisheseveqnihereoutside,thes~ce averageisderivedin
reZerence3 as

m

where ~*(~ isthecm”;x conjugateof ~(kJ and T isthevolume

8Dlb2D3ofthepsrallelepiped.Theexpression
T&.$ %(~)%”(k)

isequivalenttothespectraltensorrT5(kJdefinedinreference5 as
theFouriertransformofthecorrelationtensor~b(r)—

or

A b.mwledgeofthespectraltensorpermits,aswilLbe shown,determi-
nationofthevariousstatisticalquantitiesdescribinga turbulence
field.Equation(3),whichrelatesthespectraltensortothewave-
amplitudevectorobtainedfora typicalFouriercomponentintheabsence
ofanymodulationeffects,isthusbasictothepresentanalysis.

Forisotropichomogeneousturbulencefieldswhereintheincompress-
ibleflowformofthecontinuityequationissatisfied,Batchelor(ref-
erence5)hasshownthatthespectraltensorcanbe written

where #-k12+
T+6.

r~b(!9= G(k)

%2 +k32,5T5=

(1?5 -k@ T%) (4a)

lfory=5, and5T~= Ofor

.

—. . —



NACATN 2878 5

Inmtrix form

.,

(4b)

It is clearfromthedefinitionofthecorrelationtensorthatfor

-%5 %.2++22
r = O thediagonalelementsofthetensoryieldthemean-squarevelocity
Fluctuations.Intermsofthecorrespondingelementsofthesyectral
tensor(energyspectraldensities)

m

%2 =- J]
‘~(!!)‘1~2~3 (5)

-a
Themean-squarevelocityfluctuationsofequation(5)ref~ to

spatialaverages.Hot-wireinstrumentationusedto obtainthesefluc-
tuations,however,providesonlythe averages.Taylor(reference6)
wasableto showthatthespectrumofthevelocityfluctuationsintime
istheFouriertransformofthespatialcorrelationfunction.Taylor’s
hypothesis(reference7)thatthemainstreamcarriesalongthepattern
ofa weakfieldofturbulenceunchangedpastthepointofmeasurement
permitsanalysisofthehot-wireoutputsignalintheformofa one-
dimensionalspectrumdefinedintheequivalentofspatialterms.The
relationbetweentheone-dimensionalspectraldensitiesFY andthe
three-dhuensionalspectraldensities‘m iseasilyshown”bywriting
equation(5)as

r= 1

Thevariousstatisticalquantitieswhichcharacterizea fieldof
turbulencemy be obtainedfromtheone-dimensionalspectraldensities

as-discussedinreference8.
J

Notingthat~ Fr(kl)dkl= lY
q-o

thecorrelationcoefficientsaregivenby

————-. —.—
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TheFouriertransformrelationsyield .

(8)

Twosetsofcharacteristiclengthsarecustomarilydefinedfora tur-
bulencefield.Theturbulencemicroscales> (meanlengthEweighted
infavorofthesmalleddieswhichareresponsibleforthegreaterpart
oftheviscousdissipation)aregivenby

(9)

Theturbulencescales~ (meanlengthsrepresentativeoftheaverage
sizeofalltheeddies)areobtainedas

(10)

Thisphysicalmeanimgforthescaleoftmbulenceisonlyapplicable
when ~> O as rl~m.

Plane-WaveAnalysisforDampingScreens

Theprecedingequationsinticatethatthestatisticalquantities
describinga fieldofturbulencemaybe obtainedfromthespectral
tensorofequation(3),whichispresentedintermsoftheplane-wave
amp13tudevectors~(~). Theassumptionsof smallturbulentvelocity
fluctuationsandofinviscidflow,withregsrdtoboththemainstream
andtheturbulencefieldconvectedbythemainstream,linearizethe
equationswhichgoverntheactionofthescreensandofthecontraction.
Intheresultingabsenceofanymodulationor interactioneffects
betweenwaves,theanalysisis simplifiedbyfirsttreatingtheeffect
ofa screenanda streamconvergence(ordivergence)upona represent-
ativeplanewave. Superpositionisthenusedto obtainthecofiination
oftheseeffectsuponthecompleteassemblyofphe waveswhich
describestheturbulentfield.

Theactionofa fine-meshordampingscreenona disturbancecon-
vectedby a low-speeduniformstreammaybe characterizedby twoparam-
etersK and a- ThepsrameterK isdefinedh termsofthepres-
suredrop N reqtiedto drivefluidofdensityp andvelocityU
throughthescreen .
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. Theparametera
wasintroducedby

whichtakesintoaccountthesideforceperunitarea
Taylorh reference9 andrelatestheanglesofflow

incidence~1 andflowemergence~2 showninfigure2. ‘Ithasbe6n
shownexpertientallythattheratio tan~2/tan$1 tendstoa finite
limita as ~1,whichisusuallyverysmall,tendstowardzero.For
incompressibleflowthecontinuityequationrequiresthatthelongitu-
dinalvelocitycomponentbe unchangedafterpassagethroughthescreen.
Fromkinematicalconsiderations,atthescreentheratioofdownstream
toupstreamlateralvelocitycomponentseq.la~a forsmallvaluesof
theflowincidenceangle*l.

As inreference2 theuniformstreamisregardedas incompressible
andinviscidthroughouttheconstant-sreasettlingc-er inwhichthe
screensarelocated(stationA to stationB offig.1). A screenwill,
ingeneral,decreaseturbulentmotionsof largerscalethanthemesh
sizeandtntroduceturbulenceofsmallerscale.Intheanalysisthe
damp~ screensareassumednotto generateanywaketurbulence,which
hp~es thatthescreenmeshsizeandwirediameterareverysmallrel-
ativetothescaleoftheupstreamturbulence.Farupstreamofthe
screen,at stationA, a singlephe wavecarriedalongby themain
streamof velocityU inthexl-directionwillbe designated

%-A=!rA‘i(Ez-klut)
Coordinateaxesarefixed,withtheoriginlocatedat
positivexl-axispointingdownstream.It isshownh
basisofa steady-statedistwbanceanalysisthatfar
screen,at stationB, thewave

-B
%=

Inorderto satisfyconditions

thescreenandthe
reference2 onthe
downstreamofthe

istransformedto

B i(k”x-klUt)
%

——e

atthescreen,it isnecessarytopostu-
latedisturbancefieldsupstreamanddownstreamofthescreenwhichsre
inducedbythescreen.Thesedisturbancefieldsattenuate,vanishing
at stationsA andB. TaylorandBatchelorrepresenttheseinduced
velocitiesintermsofpotentialflows.Withthevelocitycomponents
u,v,w offiguxe2 designatingthecombinedeffectoftheturbulent
velocityfluct~tionsandtheimducedvelocities,thefolluwingcondi-
tionsareimposedatthescreen(xl= O)

(U);l=o=(U):l=o

—— ——.—— — ——— ._
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(V,w):l=o
A

= ~(Vjw)xl=o

Theroot-mean-squarefluctuationvelocitiesaretakentobe smallrela-
tivetothestreamvelocitysothattheequationsofmotioncanbe
linearized.A furtherconditionis imposedthatthelocalpressuredrop
acrossthescreenisdeterminedby thelocallongitudinalvelocityandthe
screenpressure-dropcoefficientK. Thebasicrelationsdescribing
thisidealizedactionofa dampingscreenona representativeplanewave
arethenobtainedinreference2 as

where [2=

- A (~+i)(2@-iV)Q1(fJ-i)(zP+i.P)

[ ( )( “F)
i61~1k2p(a-l)2+iaE2*+ z 1
;2$&-&-li~lAklk

Z3* +

(ha)

(llb)

(llC)

Plane-WaveAnalysisforContractionSection

Themainstreamwillbe regardedas compressibleandinviscid
throughoutthecontractionsection(stationB to stationC offig.1).
Inthecaseof supersonictest-sectionflow,theterm“contraction”is
retainedforconvenience.Asbefore,theturbulentfieldistakentobe
incompressibleandinviscid.Thecontractionsectionhasitsinitial
breadthandheightreducedby thefactors22 and 23,respectively,
whilethevelocityU(xl) at stationB isincreasedto 2lU(xl) at
stationC. A c~icalfluidvolumeelementofedgeD at stationB will
havebeendistortedintoa parall.elepipedofedges ZID,Z2D,Z3D uPon
reachingstationC (fig.3). Theeffectofa contractionupona tur-
bulentfieldarisesprincipallyfromchangesinvorticityfollowing
suchdistortionofthefluidelementspassingthroughthecontraction.

At stationB (timet=O)infigure3,a particleatdistancex
froma cornerparticleofa givenfluidelementwillat stationC –
(time&t) be ata distanceX fromthecornerparticle.Thecoordi-
nate
With
ment

axesaretikentomovewi~hthemainstreamat
theassumptionofa weakturbulencefield,the
ofadjacentpsrticlesina givenfluidelement

velocityU(xl).
relativedisplace-
duetoturbulent .
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mixingistakentobe very
contraction.Therelation

9

muchsmallerthanthedisplacementdueto the
between~ and ~ isthensimply

q=z+ (12)

Withequation(U) thecontinuityequationforthemainstreamin
Lagrangeanformprovidestherelation

UZ1Z2Z5=1 (13)

where u istheratioof streamdensityat stationC to streamdensity
at stationB. Theproduct2223 representstheratiooftunnelcross-
sectionalareaat stationC totunnelareaat stationB. Theparameter
11 representsthespeedratioreferredtothesestations.

Theequationsdescribingthechangesinvorticityfollowingdis-
tortionofa fluidelementare,fromreference9:

#=o~%B~
5

Useofequation(12)lhearizestheseequationsrelatingtheupstream
anddownstreamvorticitiesto

= al?C T%B (14)

Upstreamofthecontractionat stationB, a singleplanewavebeing
carriedalongby thetiinstreamisdesignatedattime t = O by

$B . ~ e~.~ (15)

ThevorticityatstationB is obtainedfrmthe curlofequation(15).
A velocitydistributionat stationC compatiblewithequation(14)and
satisfyingcontinuity,equation(2),isobtainedinreference3 as

whae thewave-amplitude

‘“c
Q-f

vectoris

(16)

—. ——— .—
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thefluid

Thusboth
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thenewwave-nunibervectorK resultingfromdistortionof .

.,

volumeelementisgivenby —

(17)

vectorsofa planewavearethewave-nuniberandwave-amp13tude .
—

alteredingoingthrougha contraction,whereasonlytheamplitudevec-
torisalteredintraversinga screen.

Equations(16)and(17)describetheeffectofan,arbitrarycon-
tractionona representativepLanewave.Foran@symnetriccontrac-
tiondefinedby thecondition-22= Z3 (all
butnotnecessarilycircular),equation(16)
simplifies,inexpandedform,to

cro6ssectionsaresimilar
withtheaidof equation(2)

(Ma)

( lab)

.

(18c)

where CzZ22/Z12.Foran
parametersZl,Z2,and c
hersat stationsB andC as

-synmetiiccontraction,thecontraction
maybe expressedintermsoftheMachnum-
follows:

(19)

.

—— —
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SpectralTensorsforMultiple-Screen-ContractionConfigurations

Equations(Xl)and(18)describetheeffectofa screenandan
axisymmetriccontraction(2%23),respectively,upontheamplitude
vector%- ofa singleplanewavetypicaloftheassemblyofwaves
representingthetuibu.lencefie~d(equation(1)).~ theFo~ier~te-
gral ~ correspondsto-d~~ ~(ti to ~ ~1~~3, ad Q#) to
C$-dK1dK@K3.Sinceat stationC (fig.1)thedistortionresultingfrom
thecontractiontransformsthewave-nmibervectorfrom k to ~ and

2d~d~d~, ecpt~ons(n) andthatforaxisymmetrydkldk#k3= 2122
(18)yield “

QIB =

Q2B =

Q3B=

Qlc =

Q2C =

Q3C=

A (~+i)(~-iV) (20a)Q1(p-i)(zP+iw)

[
iQIAkl~ p(a-1)2 + i(v-a@

*A+ {2
(p-i) (2p+i~)1 (20b)

[(

iQIAkl~ ~(a-l)z+ i(v~)
aQ3*+

K2 p-i)(2p+i~d (20C)

()

%2 + !2
Z22Q1B (20d)

Ck12+ ~2

[ 1QIBkl~( 1- d
z~zz Q2B + (20e)

ckl2+~2

[ 1QlBk1k3(1-c)
2122 Q3B+ (20f)

Ek12+ {2

H thefluidelementvolumeT istakentobe a cubeofedge D
atstitionA, andhenceat stationB, thevolume wcu have been MS-

tortedintoa parallelepipedsofedges ZIDj22D,Z2D at stationC for
anaxisymmetriccontraction.Theenergyspectraldensitieswhichenter
Mrectlyintothecalculationofturbulencefluctuationvelocitiesare
obtainedfromequation(3)as

(2L3)

.——_— —
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.

.

WiththeproductsQ.&* fromequations(20)formedandwiththeuseof
equations(21)andthe”continuityrel-atio~~~ = O and
theenergyspectraldensitiesmaybe writtenas:

G+*%= o,

(22a)

(22b)

(22C)

Withtheuseofequations(22a)and(22c),thelongitudinalenergy
traldensityat stationC for N screensinseriesfollowedby an
axisymetriccontractionmaybe expressedintermsofthespectral
sityat stationA as

(22d)

spec-

den-

(23)

Forconciseness,equatio~(22a),(22b),and(22d)maybewrittenas
HIB= AHA,VIB= a.2VlA+ ~#, and VI’= ZIVIB+ Z#HIB,respectively.
Thenfor N screeminseries>%B = ~-l = ‘NHAY‘NB= “2vi-1+ ~-l’
and VNC= Z~VNB+ @~B~ Thelateralenergyspectraldensitiesat
stationC for N screensinseriesfollowedby anatisymnetriccon-
tractionmaythenbe groupedas

.

— —
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Equations(23)and(24)relatetheener~ spectraldensitiesdownstream
ofa multiple-screen-axisymmetric-cmtractionconfigurationto thecor-
respondingupstreamspectraldensitiesat stationA.

ResultsforNegligibleDecay

Thesolutionstobe given(seeappentiesB andC)willnowbe
restrictedto thecaseofisotepicupstreamturbulence.

i Theupstream
energyspectraldensitiesrn (g)maythenbe obtainedfromequa-
tions(4).

Turbulencevelocityratios.- As showninappendixB, theturbulence
velocityratioorratioofmem-squsrefluctuationvelocitiesdownstream
ofa seriesof N identicalscreensfollowedby an@symmetriccon-
tractionto thecorrespondingupstreamfluctuationvelocitiesisgiven
forinitiallyisotropicturbulenceby

cu-’12N= 3a4 J3-c
AN Sti3 0 de

()
2A 4212 ~ (a2- COS2 8)2

(mk%2(=1.1+3(a2-l,2(v2=2p2)“ df-ldIl,f3cc)#’elM
~“(g)’”a -~ 8122 [ ~ (4 cos2@tp2sln2 9)(a2-cos29)2

(25)

(26)

where a2~~e and AS&2 c0s2e+v2sfi2e
4 c0s2e+ ~2 sti2e

A convenientappro-tion forequation(26)ispresentedlater(see
equation(39)).

For N = 1,equation(25)forthelongitudinalturbulencevelocity
ratiointegratesto

where

(27)

— .— — -..——
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~2= 1.L2
jlz-4

~2~a2-1)2+ (a2+l)(q2-1)
Al ~a2(a2+l)+ q2(l-3a2)+

a2

A2= 2(7?1)(?l?gz)

Equation(26)forthelateralvelocityr&tio(see
integratesfor N = 1 to

(–)c‘-+8;;<[,,+,,(:--’:)-,3~221 #’

m~z
2A 122

where

,1=

,2=

,3=

appendixB)

V2( 2-q2)(2-3q2)+6(~2_V2)_2+3(a2-l)(a2-~2)q~ (a2_j12)

1
3(a2-l)2[a2(372_a2)_ ~2(a2+q2)
(a2_q2)2

[ 13(72-1)(~2-v2)~4_p2)_ 4(a4-v2)
2 (a2-q2)2

Forthecaseofaxisymmetriccontractionwiththescreenabsent
(a.2=1,K+ O),equations(27)and(28)reduce,respectively,to

and

.

.

.

,!

—.

.
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which,inthepresentnotation,are
resultsofref~ence3. similarly,

15

identicaiwiththecorresponding
forthecaseofa screenandno

contraction,(az~~),theresultsofreference2 arerecov=edinthe
form.

.

.

.

Punched-cardequipmentwasusedto obtaintheturbulence-velocity
ratioslistedintableI. ForthecasesN = 2,3,and4,theintegra-
tionsrequiredforequations(25)and(26)wereperformednumerically
by useofSimpson’sruleafterchangingthevariableofintegration
from @ to x by applyingthetransformationx = cos0. Intervals
Ax= 0.01 wereusedintherange O ~ x ~0.9; intervals& = O.(X)1
wereusedintherange0.9=x ~ 1.0. In-allcomputationstheMach
nuuiber~ upstreamofthecontractionwastakenequalto 0.05.The
turbulencevelocityratioslistedintableI maybe corrected
of ~ otherthan0.05asfollows:Valuesoftheparamet=s
122,and a2~ & for ~= 0.05 andforthedesiredvalue

areobta~d fromequa.tio~(19). Notingthatthequantities
I~ \~

forvalues
212,
of ~

“28‘d222i%‘ependomupona2- “‘hem’ue
ofthese-quantitiesfo;the a2 correspondingtothedesired~ are

With Z12 and 222 knownfor ~ = 0.05andobtainedfromtable1.
thedesired~, thecorrectedvelocityratiosareobtainedby simple
computation.Thefold.owin.gempiricalrelations(reference1)were
utilizedinobtainingnumericalresults:

‘2

()
~2=H

8+K for K~l

()~2= 1.21
1-I-Kfor K>l

Fordesignpurposes,thescreenpressure-dropcoefficientK may
be estimated;accordingtoreference10,fromthesolidityratiob,
whereb istheareaoftheholesina unitareaof screen,as

__-. —_. .—_— _ —— —— —— ——— ——-
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.

For
the

square-meshscreenwithwirediameterd andmeshdesignationm, .
solidityratioas definedis

b= (1-md)2

A betteragreementwiththescreendatagivenh reference1 isobtained

Thevariationofthelongitudinalandlateralroot-mean-square
velocityratiowithspeedratio 21 fora s~le screen(*1) upstream
ofthecontractionisplottedinf~gures4(a)and4(b)yrespectively,
forselectedvaluesofthescreenpressure-dropcoefficientK. The
resultsfor K = O,whichcorrespondtothecaseof streamconvergence
ordivergenceintheabsenceofanyscreen,areyofcourse~identical
withtheresultsofreference3. b general,boththelongitudinaland
thelateralfluctuationvelocitiesdownstreamofthescreen-contraction
configurationarereducedasthescreenparameterK isincreased.The .
somewhatanomaloustrendofthelongitudimlvelocityratiosforvalues
ofthespeedratiolessthan.2seemstoreflectthevariationofthe
auxiliaryscreenparameter~2 whichapproacheszeroat K.=2.76, .

becomesinfinitelylargeinthenegativesenseas K increasesto5.28,
.

andbecomesMinitely largeinthepositivesenseas K decreasesto
5.28.

Thelossesincurredthroughtheuseof&unpingscreensarepropor-
tionalto theproduct~A3, where N denotesthenumberof identical
screensh series(multiplescreens)and NK istheover-allscreen
pressure-dropcoefficient.Thevelocityratiosfora multiple-screen
arrangementupstreamofa contractionarecmuparedonthebasisofequal
screenlossesinfigure5 fortheparticularcase NK=6. Theadvan-
tagesofusinga numberof screensin seriesto attaina givenover-all.
coefficientNK areobvious.An exsadnationoftableI indicatesthat
theuseofmultiplescreenstoattenuatethedownstreamfluctuation
velocitiesbecomesmoreeffectiveastheover-allcoefficientNK is
increased.Thescreenlossescanbereducedbydecreasingthesettling-
Cbd)erStr_ velocityUA. Low-turbulencewindtunnelsaregenerally
characterizedby theirmanydampingscreensandlarge-cross-sectional-
axeasettlingchanibers.

One-dimensionalspectra.- Inaccordancewithequation(6),the
one-dimensionalspectraat stationsA andB aregivenby

.
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(29)

a

c
‘T=2 J’rnc(~dK#K3

-Oa

As pointedoutinreference3,a comparisonoftheupstreamanddown-
streamspectraonthebasisoftheupstreamlongitudinalwavenumberkl
isequivalenttoa comparisonofthetimespectraindicatedbyfixed
hot-wireprobeslocatedatthecorrespondingstations.Definingthe
downstreamspectraFTC(kl)- 2-lFTCsuchthat

J

m
FTc(kl)dkl=

J

‘c
FT (@ dK1) theone-dimensionalspectraat

o 0
stationC aregivenby

Evaluationofequations(29)and(30)requiresthattheamplitudefunc-
tion G(k)inequation(4)be specified.Compatiblewiththeempirical
relationforisotropicturbulenceobtainedinreference8,thisfunction
istakentobe

G(k)= H (31)
(k12+n2+~2)3

wheretheconstantsn and

~ 2n—AH ()~ ~12 “

H aredefimedas n ~ —
(L;)*a

theone-dimensionalspectraobtainedfromAs showninappendixC,
equations(4)and(31)maybe expressedintermsofa dimensionlesswave
numberkl/n as incorporatedinthefollowingparameters:

s ~ 1 + k12/n2

f= s/q2+ 4/p2

g = s/~2+ 4a2/G

h az - s’
=+ 1

(32)

.— -——— —



18 NACATN 2878

Thustheupstreamone-dimensionalspectraforthisspecialcaseof
isotropicturbulenceare,inCHmensionlessform,

%A(%/d=:
FIA(0) s

(33)

F2A(k1/d_ 3s-2
A (o)

(34) -
F2 S2

Also,thelongitudinalone-dimensionalspectrumdownstreamofa single-
screen-axisym.rietric-contractionconfiguration
a~enti C) indimensionlessformas

maybewritten(see

F1c(k~n) 2V2

[

s+h= ~ c1+ C2 loge~+ C3 loge4(s-1)1 (=)
FIA(0) 21v pzs

where

{

1 g(2f-h) @

[

+h(l+2g)+(l+h)2p2a2(V2-4a2)-v2
%=~ f2 ‘m f ~2 a2(p2-4)- W21}

C3=%%%5!F
Thecorrespo- lateralone-dhensionalspectrumis

F2c(k1/d
[

s+h2(13-1)E1+E2 loge~ 14(s-1) “+ E3 loge—
F2A(0) = 222 p%

(36)

.

(

.

.

,

,

.

.
where
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a.2(3s-2)
2s2(s-1)

+
[

(v2u2112)(2s-f)+2V2 g(;if)_&_ q
2p2f% a2fh

-V21{2(s+h)
f2h2 ‘u_]} +2h(;;;)-f~]

f(g+h)-g(h-f)
2a4p2h

{

(s+h)[a2(v2-4a.2)-~] 2h+3s+h 4(a2-1)(V2u.2p2)h

[a2h4a2(p2-4)- P2] }
a2 ‘[a2(~2-4)-~q~z(Vz-&Lz) -V~

4(s-1)(V%$lz)

[

4 12pw 1 + a2(p2_4)_ ~2

Theone-dimension.a3spectragivenbyequations(33)to (36)are
applicablewhentheamplitudefunctionG(k) hastheparticularformof
equation(31).Althoughthesespectraarehotexpectedtobe validfor
theveryhighwavenumibersbecauseoftheneglectofviscosity,various
experimentsonisotropicturbulencehaveindicatedthatequations(33)
and(34)providea verygoodapproximationto thatportionoftheactual
isotropicspectrumcontainingthelargestpartoftheturbulentenergy.
Equations(35)and(36)shouldfurnisha similarapproximationfor
axisymnetricturbulence.Therestrictionsgivenforequations(33)to
(36)donotapplytotheexpressionsforturbulencevelocityratios,
equations(25)and(26),forwhichthereisno needtoparticularizethe
spectrumsmplitudefunctionG(k).

Thedownstreamlongitudhalandlateralone-dimensionalspectra,
equations(35)and(36),arecomparedwiththecorrespondingupstream
isotropicspectra,equations(33)and(34),infigures6(a)and6(b),
respectively,forthefollowingtypicalcase:~ = 0.05,q = 2.0,
K= 2,N=1. Thecase K = O,as obtainedinreference3,hasalso
beenincludedforcomparison.Thescalingfactorsindlcatedbyequa-
tions(B5)and(B6)ofa~eti B havebeenincorporatedinthedown-
streamspectralordinatessothatthezero-wave-nuuikrinterceptgives
theturbulencescaleratio(appendixB).

Thedistortionin shapeofthelongitudinalspectrumnotedh ref-
erence3 asa consequenceofthestreamconvergenceisaccentuated
(fig.6(a))by thepresenceofa dampingscreenupstreamofthecontrac-.
tion.

values
and K

This&tortion isaccompaniedb~a reductionintheordinate

by thefactors[Z)Y(Z)A ~d ~~~~(~~B for K= 2
= 0,respectively.Thedownstreamlateralspectrumordinates

— .————.. .——.— —
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(fig.6 b))~aeincreasedby thefactors — —

(77(7) fo”’=z=’’= o~’e”~~~~:):he:s’”~i””fi
shapeisrelativelyslightcomparedwiththedistortionnotedforthe
longitudinalspectrum.

Asmaybe seenfromequations(33)and(34)fortheupstreamiso-
tropicspectra,thelongitudinalandlateralspectralordinateshave
maximumvaluesat k~n = O and kl/n= l~fl,respectively.The
situationisreversedforthedownstreamspectra.Herethelateral
spectralordinateshavemaximumvaluesat kl/n= O andthelongitu-
dinalspectralordinatesat kl/n% 1.4. Occurrenceofa peakinthe
spectrumcurveat somewavenunberotherthanzeroisan indication
thatthecorrelationcoefficientmaytakeonnegativevalues.l

Scaleratiosandcorrelationcoefficients.-Forthescalesoftur-
bulencedefinedby equation(10),thelongitudinalandlateralturbulence
scaleratios(ratiosofdownstreamto correspondingupstreamscales)for
a screen-contractionconfigurationareobtainedinappendixB as

(37)

(38)

Thescaleratiosobtainedfromequations(37)and(38)whichdonot
requirethattheamplitudefunctionG(k) of equation(31)be specified
arelistedintableI forthecaseofisotropicturbulenceat stationA.
Typicalresultsareplottedinfigure7.

Thelateralscaleratio(seefig.7(a))approachesa constantvalue
ofappro-tel.y4/3forvaluesofthespeedratio 21 greaterthan3.
Measurementsofthelateralco?aelationcurveata speedrationear
unitywhicharereportedinreferencel.1indicatethatthelateralscale
is substantiallyunchangedby dsmpingscreens.Thisis h qualitative
ageementwiththepresentresultwhichindicatesthatfor 21 slightm
gxeaterthanunitythedownstreamlateralscalewillnotexceedthe

%’orexample,when FT(kl)=klp-le-ktin,thecorrelationcoeffi-
cientisobtainedby usingequation(7)as

132 + rlz-p’2r(p)cos@ t~-1ml)where r designatesthegamma

.

-.

.
.

function.For P = lJ ~(rl) isalwayspositive;for p> 1}~(rl)
willtakeonnegativevaluesforparticularvaluesof rl.
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corresponding
lateralscale
approximateion

upstreamscaleby morethanabout20percent.Takingthe
ratioequalto 4/3leadstothefollowingconvenient
forthelateralturbulencevelocityratiofrom

equation(38):

(–)
c

c122~ %2N

m

:— (39)7A
% 4122

Fora givenvalueofthescreenpressure-dro~coefficientNK,the
longitudinalscaleratio(seefig.7(b))decreaseswithincreasingspeed
ratio Z toa minimumvalueat 21= 27.4(correspondingto ~= 0.05,
~ = A/$ wherethecontractionparametera2 hasitsminimumvalue.
As shownintableI,the10 itudinalscaleratioattainsa zerovalue

?whenthescreenparameterv =O(K =2.76). Thisandtheoccurrence
ofmaximuminthedownstreamlongitudinalspectrumcurvesatnonzero
wavenmiberss~est thatthedownstreamlongitudinalcorrelationcoef-
ficientsarenegativeforextensiverangesoftheseparationdistance
rl. Undertheseconditionsinterpretationoftheconventionallydefined
scalesas len@hscharacteristicoftheaveragesizeoftheturbulence
eddiesisopento question,andconsiderationofthecorrelationcoeffi-
cientcurvesisadvisable.

Thecorrelationcoefficientsat stationA forisotropicturbulence
withthespectrumamp13tudefunctionG(k) givenbyequation(31)are
obtainedfromequation(7)as

RIA=,e-rln (40)

A
()

rn1 -rln
R2= l-~e (41)

Thecontourintegrationsusedto obtainequations(40)and(41)arenot
validwhen rl= O;hencethemicroscalesAT areevaluatedfromthe
in.tegralrelationof equation(9). Suchevaluationsindicatethat
AA
1 = ~2A~ 0,whichistobe expectedinviewoftheneglectofvis-
cosityeffectsintheanalysis.Thelongitudinalcorrelationcoefficient
curveofequation(40)isplottedinfigure8(a)andisalwayspositive;
thelateralcorrelationcoefficientcurveofequation(41 plottedin

ifigure8(b)reachesitszerovalueat rln= 2 (rl= 2L1) andits
minimumvalueat rln= 3 (rl= 3LlA).

Thedownstreamcorrelationcoefficientcurves(atstationC)have
beenobtainednumericallyforthecase N. 1 fromthefollowing
rearrangementofequations(7):

————— ._ ———— . . .
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In evaluating
obtainedfor

Juw C5Fl ~
Rlc(rln)= #

~ FIA(@

du

(

.

(42)
.

(43)

equations(42) and(43),valuesofthetitegrandwere
k,/n rangingfromO to 50;andfor k,/n greaterthan.-- A-

%&)G% ~
50,inviewoftheasymptoticbehaviorofthefunctions

cosklrl FTA(0)‘~
theintegrandwasa~ro-ted as . Typicaldownstreamlongi-

(kl/n)2
tudinalandbteralcorrelationcoefficientcurves(forthecase
m= 0.05,Mc = 2.00,K= 2,N = 1) arealsoplottedinfigures8(a)
and8(b), respectively,to indicatethechangesresultingfrompassage .
ofinitiallyisotropicturbulencethrougha givenscreenandcontraction.
Althoughthedownstreamlateralcorrelationcoefficientis sham in fig-
ure8(b)toreachs@htly negativevalues,itisbelievedthatthese
aretheresultofunavoidable“round-off”errorsincmnputationofthe
Fouriertransformsandthatthecoefficientisactuallyalwayspositive,
consistentwiththecorrespondingspectrumcurveoffigure6(b),which
hasitsmaximumvalueat zerowavenmiber.

Thecorrelationbetweensimultaneousfluctuationvelocitiesattwo
pointsa distancerl apartwilldecreasemorerapidlywithincreasing
valuesof rl whentheeddiescomprisingtheturbulentfieldaresmall
thanwhentheeddiesarelarge.Figure8(a)thusindicatesthatthe
longit-al scaleofaninitiallyisotropicfieldofturbulenceis
decreasedby passagethroughtheparticularscreen-contractioncotiig-
urationchosen.Figure8(b)indicatesthatthecorrespondinglateral

0,

scaleisincreased.

Inviewofthenegativevaluesattainedby thedownstreamlongi- !
tudinalcorrelationcoefficient,nophysicalmeaningcanbe assignedto
thelongitudinalscaleratiodefinedintheconventionalmannerby
eqution(10).Forexample,thelongitudinalscaleratioreachesa zero
valueeventhoughthelongitudinalturbulencevelocityratiosarefinite
whenthescreenpressure-dropcoefficientNK hasthevalue2.76.The
negativevaluesattainedby theupstreamlateralcorrelationcoefficient
donotpresenta similaranomalybecauseoftherelationbetweenthe
longitudinalandla.texalscalesinthecaseofisotropicturbulence,
namely,LIA= 2%A.

.
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Thedifficultyisremovedifan effectivelongitudinalscaleL1’
isdefinedasthepositiveareaunderthecorrespondingcorrelation
curve.Effectivelongitudinalscaleratiosareplottedinfigure9 and
showa qua13.tativesimilaritywiththeconventionalratiosshowninfig-
ure7(b).Fora givenvalueofthescreenpressure-dropcoefficient
NK,theeffectivescaleratiodecreaseswithincreasingspeedratio 21
toa minimumvalueat 21= 27.4 forwhichthecontractionparameter
az hasitsminimumvalue.Fora givencontraction
ratioreachesitsminimumvaluewhen NKz 2.76.

ESTIMATIONOFDECAYEFFECTS

theeffectivescale

In viewoftheassumptionsofinviscidflowandsmallfluctuation
velocitiesrelativetothemainstream,theprecedinganalysisis
strictlyapplicableonlyintheabsenceoftheturbulentdecayprocesses
(V3.SCOUSdissipationandturbulentmixing).Forma~fid-t_el~on-
figurations,effectsofdecayuponturbulenceareofthesameorderof
magnitudeasthescreen-contractioneffects.Correctionofthetheo-
reticalturbulencevelocityratiosmaythereforeprovenecessaryfor
practicalapplicationsofthetheory.

Selectionoftheappropriatedecaycorrectionpresentscertain
difficultiesinasmuchasthereisa lackofexperimentalinvestigations
ofaxisymmetricturbulencedecay.Someguidancemaybe obtainedfrom
thetheoreticalstudiesofBatchelor(reference4)andChandrasekhar
(reference12)onaxisymmetricturbulence.Thetimeratesofchangeof
themean-squarevelocitycomponentsare,inthenotationofreference4:

&(7)= -~+2v(- loa-m-2c -la)

()$2 = 2% + 2u(-10a+b - 3d)

Intheseequationsandinequations(44)and(45),thesynibolv rep-
resentsthekinematicviscositycoefficient.Thecorrespondingexpres-
sionforthemqan-squareresultantvelocityis

I— —i
d ( 2 + 2U22)=- 2v(30a+ 2C+ 20d)
= ‘1

(44)

Forisotropicturbulence,c = d = O

(
d——

)2+2%2 =“&= ‘1

andequation(44)becomes
.

(–)
3U12 = -2v(3@ (45)



24 NACATN 2878

ThevelocitycomponentsU12 and %2 ofreference4 areidenticalwith

~12 and q22 inthepresentno&.tion.Thequantitiesa,b, c,and d
X appropriategroupingsrepresentthecoefficientsintheseriesexpan-
sionsin rl forthelongitudinalandlateralvelocitycorrelation
coefficients.Theqyantitymo dependsonthetwo-pointvelocity-
pressurecorrelationwhichtendsto zeroas isotropyisapproached.For
thedecayof isotropicturbulenceina constant-=eachannelduringthe
initialperiodwhereinbothinertiaand”viscouaforcesareof importance,
eqwtion(45)leadstothesemiemptricalrelation(reference13)

where ~ representthemean-squarevelocitycomponentsat~ and q2~1
anystationdownstreamofthereferencestationA and t(n) represents
theappropriatedecaytime.

Theabsenceofthevelocity-pressurecorrelationterm ~ inboth
equations(44)and(45)suggeststhat,providedthequantity(2c+ 20d)
ismuchsmallerthanthequantity30a,equation(46)mayyielda sat-
isfactoryapproximationforthedecayofthemean-squareresultanttur-
bulentvelocityinaxisymmetricturbulence.’Thedataofreferences1
and14tendto supportsuchanappro-tion. Theasswnptionthatthe
effectsofthescreen-contractionccaibinationandthedecayuponthe
turbulentvelocityratiosproceedindependently(seereference3) leads
to therelation

‘F%+2%!SC’47)
wherethestiscriptsc refersto theturbulencevelocityratios
obtainedintheabsenceofdecay,computedfromequations(25)and(26)
andlistedintable1,andthestiscriptscd impliesthattheeffects
of initialperioddecayhavebeenincluded.In camputingJ fromequa-
tion(46),thedecaytime t(zl) istakenasthetimerequiredfora
particleat localmain-streamvelocitytopassthroughthescreensand
thecontractionstartingfromstationA. Thisimpliesthatthecontrac-
tionaffectsonlythedecaythe. Somequestionexistsastotheappli-
cabilityof equation(46)andhenceequation(47)fordang?ingscreens
inwhichthewirediametersareusuallyverysma12.

.

(

.
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A comparisonofthetheoreticalmean-square
velocityratiocorrectedfordecayby theuseof
expertientalratiosobtainedfromreference1 is

25

resultantturbulence
equation(47)withthe
showninfigure10.

Themean-squareresultantvelocityintheabsenceofdecayf& thecase
ofa stigle-screen-contractionconfiguration(&l) isalsoincludedto
showthemagnitudeofthecorrection-involvedfortheconfigurationof
reference1. The-followingdatawereusedinapplyingthedecaycor-

rection:U*= 62.8feetpersecond,[(~)~’/2 = 0.15footpersec-
ond;and ~A = 0.05foot(estimated).Thescreenpressure-dropcoef-
ficientswerecorrectedas suggestedinreference14

UA dKe
K .—
‘Ke+2duA

where Ke designatesthescreenpressure-dropcoefficientmeasuredat
givenspeedUA. Althoughthesingleexperimentalpotitsobtainedfor
eachmultiscreenarrangementdonotcheckthedecaycorrectionaswell
asdothoseforthesingle-screenarrangement,thelimiteddatadonot
warrantanyrefinementofthecorrectionmethodformultiscreen-
contractionconfigurations.

a

In orderto obtaintheresolutionoftheresultantturbulenceveloc-
ityratiointolongitudinalandlateralcomponents,someknowledgeof
thevelocity-pressurecorrelationisrequired.As showninreference4
theeffectofthiscorrelationasrepresentedbytheterm ~ isto
transferenergyfromthelargertothesmallerofthevelocitycomponents,
thusprovidinga drivetowardsisotropy.As shownintableI,thelon-
gitudinalcomponentwill,ingeneral,be muchsmallerthanthelatmal
componentsothatadjustmentofthelongitudinalcomponentismorecrit-
icalthanadjustmentofthelateralcomponent.Themagnitudeofthe
longitudinalcomponentisgovernedby twoopposimgeffects.Turbulent
decayprocessesreducethiscomponent;thedive towardsisotropytends
to increaseit. Intheabsenceofanyquantitativelmmwledgeconcerning
thevelocity-pressureterm ~, thesimplestassumptiontobe madeis
thatthelongitudinaltwbulencevelocityratiomaybe correctedfor
decayandisotropydriveby taldnganaverageof
decayandisotropicdecayor

thevaluesforzero

Consistentvaluesofthelateralturbulencevelocity
obtainedfromthelongitudinalvelocityratioofequation
resultantvelocityratioofequation(47).

(48)

ratioarethen
(48)andthe

——. . ..——=
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Thecomparisonshowninfigure11providessomeestimateasto the
~eement thatmightbe expectedbetweenthepredictedturbulence-
velocity-ratiocomponents(correctedfordecay)andtheexpertiental
values.Theagreementshownisconsideredsatisfactoryformostengi-
neeringa~lications.Thetheoreticalvelocityratiosobtainedinthe
absenceofdecayareincludedforthecase N . 1 to ~dicatethe
qt~e ofthecorrection.

Theturbulencescalesarealsoaffectedlytheturbulencedecay
process,tendingto increaseasthedecayt~ isincreased.Uwr the
actionoftheviscousforcesthesmallesteddiesaredissipatedsothat
theaverageeddysize(scale)wouldbeexpectedto increase.For
isotropicturbulence,thechangeinscaleduringtheinitialperiod
analogoustothereia.tiongivenforthefluctuationvelocity,equa-
tion(46),is

Presumablytheeffectofdecayuponthescalesofturbulencecould
thusbe obtainedbya proceduresimilarto theonesuggestedforthe
fluctuationvelocities.Intheabsenceofanyexperimentaldatasuch
developmentdoesnota~earwarranted.

CONCLUDINGREMARKS

Thepresentanalysistreats,intheabsenceofturbulentdecay
processes,thecotiinedeffectof’sseriesof identicaldampingscreens
followedbya streamconvergence(ordivergence)uponthemean-squsre
fluctuationvelocities,scales,correlationcoefficients,andone-
dimensionalspectraofa fieldofturbulenceconvectedbya mainstream.
Numericalresultsarepresentedforthecaseofupstreamisotropic
turbulence.

ThelimitedexperimentaldataavailableconfirmatleastquaMta-
tivelysomeofthetheoreticalresultsobtainedsuchasthedistortion
ofan initiallyisotropicfieldofturbulenceby thedampingscreensand
streamconvergenceintoa field=symmetricaboutthemain-stream
directionwiththelateralcomponentsoftheresultantfluctuationveloc-
itylargerinmagnitud&thanthelongitudinalcomponent,andtherelative
insensitivityofthelateralscaleofturbulenceto damping-screenand
stream-convergenceeffects.Thebeneficialeffectsof usingseveral
screensin seriestoattaina givenover-allscreenpressure-dropcoef-
ficientinattenuatingthefluctuationvelocitiesarealsosubstantiated.
ThisattenuationisaccentuatedasthescreencoefficientNK is
increased.

.

.

.-
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Thetheorypredictscertainmarkedchangesintheordinatesofthe
downstreamone-dimensionalspectraand,h thecaseofthelongitudinal
spectra,a noticeabledistortionof shapewhichshouldbeconfirmableby
experiment.Thelongitudinaldownstreamcorrelationcoefficientsattain
negativevaluesovera largerangeofthese~ation distancerl.
Undertheseconditions,thescalesofturbulenceas conventionally
definedcannotbe regardedasrepresentativeoftheaverageeddysize.
Accordingly,thelongitudinalscaleshavebeenredefined.Theeffect
ofthedampingscreensandstreamconvergenceisto decreasethelon-
gitudinalscaleandto increasethelateralscale.

An approximatemethodof correctingthepredictedturbulentfluc-
tuationvelocitiesfortheeffectsofturbulentdecayispresented.
Tabulationsofthefluctuationvelocitiesovera widerangeofconditions
areprovidedforconvenienceinengineeringapplications.

LewisFlightPropulsionkboratory
NationalAdvisoryComnitteeforAeronautics

Cleveland,Ohio,October28,1952

—. —
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The following

A1,2

a2

‘1,2,3

b

C1,2,3

‘1,2,3

d

‘1,2,3

‘r

Fl

‘2,3

f

G(k)

g

H

h

i

psrsmeter

auxiliary

parameter

APPENDIXA

SYMBOLS

syibolsareusedinthisreport:

groupingsdefinedafterequation(27)

contractionparameter,a2 El/l- E

groupingsdefinedafterequation(28)

solidityratioof dampingscreen

parsmetergroupingsdefinedtiterecpation(35)

edgelengthsofvolumewithinwhichtheturbulencefieldis
defined

wirediemeterofdempingscreen

psnuneter~oupingsdefinedafterequation(36)

.

.

Fl,F2,or F3

one-dimension.al

one-dimensional

longitudinalspectraldensity(seeeqpation(6))

lateralspectraldensities(seeeqyation(6))

auxiliarywave-numberparameter,f = s/q2+ 4/p2

amplitudefunctioninisotropicspectrumtensor(seeeqya-
tions(4)and(31))

auxiliarywave-nuuiberparameter,g S s/[2+ 4u2/v2

constantappearinginamplitudefunctionof specialisotropic

~2(ip)A(spectrumtensor,H a g seeequation(31))

.

1- a2 - s2
auxiliarywave-numberperameter,h s

a2

q- 1
.
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.

.

turbulencedecayfactor(seeequation(46))

screenpressure-drop

amplitudeofvector

%=%.’~,or~;

~, ~, or L3

Ap
coefficient,Ks ~

~ pu2

k: k2= k12+ k22+ k32—

wave-numibervector

longitudinalscaleoftmbulence(seeequation(10))

effective.longitudinal.scaleofturbulence

lateralscalesofturbulence(seeeqyation(10))

streamvelocityat stationC dividedby stresmvelocityat
stationB (seeequation(19))

stream
tion

stream
tion

stream

breadthat stationC dividedbystreambreadthat sta-
B (seeeqyazion(19))

heightat stationC dividedbystreamheightat sta-
B

Machnunherat stationB, C

meshdesignationofdampingscreen(reciprocalof center-to-
centerdistancebetweenneighboringwires)

numberofscreensin series(cascade)

constantappearinginamplitudefunctionof specialisotropic
1spectraltensor,n ~ —

(~)A

constant

staticpressure

~=Ql,~,or G&~ve-w~tudevector

.

—— —-— .—
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~ y = Q, ~, or ~; turbulence-velocity-fluctuationvector

~(r~) correlationcoefficient(seeequation(7))

r ‘r= rl,r2jor r3;separationvector

s wave-numberparsmeter,s S k12/y2+ 1

t time

t(zl) decaytime

u

u

vl

V2

-v,W

x

a

main-streamvelocity

longitudinal componentof ccmbinedturbulentvelocityfluctua-
tionsandpotential-flowvelocitiesinducedbyscreen

longitudinalroot-mean-squareturbulencevelocityratio(used
intableI)

lateralroot-mean-squareturbulencevelocityratio(usedin
tableI)

lateralcomponentsof cotiinedturbulentvelocityfluctuations
andpotential-flowvelocitiesinducedby screen

5 = xl,X2,or x3;positionvector

tan *2
screendeflectionparameter,a s Mm tan$1

~~+o

(k12 k22+ )-1
k32

three-dimensionalspectraltensor

A 4a2cos26 + v2 sin26’
4 COS2e + U2 Sinze

.

.

.

.
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l@oneckerdelta;~b=lfory=~ and 5Y5=0 for y#5

axisymetriccontractionpsrameter,c G 122/112

k22+ k32

2auxiliaryscreenparameter,q S P2
P2-4

polarangle(seeappendixB)

EQli_kde ofvectorK; ~2 = K12+ K~2+ )C32—

‘y= ‘1’‘2’‘r ‘3:wave-nuuibervectorat stationC

(seeeqyation(22a))

longitudinalmicroscaleofturbulence(seeequation(9))

lateralmicroscalesofturbulence(seeequation(9))

auxiliaryscreenparameter,p - 1 + a + K

auxiliaryscreenparameter,v S 1 + a - aK

V2auxiliaryscreenparsmeter,~2S
V2 - 4a2

stresmdensity

(i’-u2p2)k12
(seeequation(22b))

4k12+ V2~2

main-stresmdensityat stationC dividedby main-streamdensity
at stationB

volume

——.-—.—— —— ——. -— —
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~ azimuthangle(seeappendixB) .

x Xr =X1, XZJor

*1 angleto screen

W2 angleto screen

X3;positionvector(seeeqyation(12))

normalofflowincidenceupstreamof screen

normalofflowemergencedownstreamof screen

S2 k12(l-c)2~z - 2k12(l-e)(ek12+~2)

(E%2+@ 2
(seeequation(22d))

CD y=

Superscripts:

q) w) or u3;vorticityvector

A station

B station

c station

* complex

Subscripts:

A station

B station

c station

upstreamof screens

downstreamof screensandupstresmofcontraction

dcnmstreamof contraction

conjugate

upstreamof screens

downstreamof screensandupstreamof contraction

downstreamofcontraction

N nwiberoflikescreensinseries

Sc onlyeffectsofscreensandcontractionpresent

scd effectsof screenandcontractioncorrectedforinitialperiod
ofdecay

1 longitudinalcomponent

2,3 lateralcomponents

.

.

—.—
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TURBULENCEVELOCITY~“ SCALERATIOS

Velocityratios.- Usingsphericalpolarcoordinates

kl =kcos8

k3 =ksin@sincp

equations(23)and(24)maybe putintheform

(Bl)

L&%)+%3’(dJ [ I
21G(k)&&21.L2# AN-lC2 SiU2 e COS2 .9

= u2r22c(~)+ r=c(~)~_l+ (B2)
(4Cod e + pz SId e)(c cd e + Sinz e)z

whereA = k2 COS2 e + #’ Sti2 e
4 COS2 e + LL2Sti2 e

Thedownstreammean-sqyarefluctuationvelocitiesme givenby

analogousto equation(5). Inasmuchasthefunction G(k) appearsb
theexpressionsfortheenergyspectraldensities,thevariableofinte-
grationwillbe changedfrom & to k sothat

a

—-1
1

qT2= — rm(~) dkldk2dk3.Notingthat
21222-m

dkldk2dls3=k2sini9ded~dk,the
~entsoftheturbulentfieldare

downstreammean-squarevelocitycompo-
obtainedfromequations(Bl)and(B2) as

.—. — ---— _ .— —
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.

and,inasmuchasthedownstreamturbulencewi~ be axisymetricwhen
theupstreamturbulenceisisotropic,

‘f(=%m(z%““2(Z%.,+- L’-*(’)* % AH-lsin3(9C!M2@ de
~ (4COS2e + @ .d& e)(c cd e + .irte)z

Themean-sqmrevelocitycomponentsoftheupstreamisotropicturbulence
areobtainedby usingeqyation(4)as

.

Theturbulencevelocityratioorratioofmean-squarefluctuation
velocitiesdownstreamofa seriesof N identicalscreensfold.owedby
anaxisymmetriccontractiontothecorrespondingupstreamfltictuation
velocitiesisthengivenforthelongitudinalandlateralcomponents,
respectively,by

—c()~2N 3a4r~“ s&’I e de
=—

(–)’ 4212 (a2 _
Q2

COS2I@’
o

(B3)

a2 s +,. a2 is introducedforwhere Thenewcontractionparameter

convenienceinsubsequentcalculations.Itmaybe notedthattheveloc-
ityratiosareindependentoftheamplitudefunctionG(k) whichappeers
inboththeisotropicandaxisymmetricspectraltensors.Equations(B3)
and(B4)appearinthetextasequations(25)and(26),respectively.

.

.
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Turbulencescaleratios.- Theturbulencescalesmaybe obtained
fromtheenergyspectraldensitiesas indicatedby equations(6)and
(10).Compatiblewiththe

&)
—2C=

formulation

m

thelongitudinalscaleat stationC is

(L-&=l,&;~cJTkc’u,=o-m
N

ak@k3

or,applyingeqyation(24),

Thelongitudinalscaleat stationA is

p
(Ll)A= + ‘[ (]rUA ~ dk2dk3

(
kl=O

!112+

Theratioof longitudinalscaledownstreamofa seriesof N identical
screensfollowedby anaxisymnetriccontractiontothecorresponding
upstreamscaleorlongituditiscaleratioisthus.

() -1--@-
‘1 N112 —A
( )_~12

(B5)

—



36 NACATN 2878

Thecorrespondingratioforthelateralscalesisobtainedina similar
manner as

1- C?

Theserelationsforthescaleratios

[

uC122= (aqN2/’ f
(.-)%2_

-1

(B6)

donotrequirethattheupstream

.

turbulencebe isotropic.Equations(B5) and(~) appearinthetextas
equations(37) and(38),respectively.

.

.

.

.
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JwPEmMxc

ONE-DIMENSIONALSPECTRA

Withtheuseofequations(4)and(31),equations(29)canbe written

FIA

.

bte~ationyields,afteruseofeqyation(32),

(cl)

F# =

Equations(33)and(34)follow

‘FIA)k~n~ and (F2A)k~~ ‘

Withuseofeqwtions
tions(30)canbe written

pm

(4)

F&=@@
2n2~2

(C2)

upondividingequations(Cl)and(C2)by
respectively.

and(Bl)and(B2)ofappendixB, eqya-

(
4m2k12+&~2)N~12+~2j2~3d~

(C3)

-.——.-. ———. ___ .— ——— —..
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Forthecaseof a single-screen-axisymmetric-contractionconfiguration,
integrationofequations(C3)and(C4)yieldsequations(35)and(36)of
thetext,respectively.Forthecase N. 1,theqyantity(F2C)N-1

designatestheone-dimensionallateralspectrumdownstreamof an‘&&m-
metriccontractionintheabsenceofdampingscreensandmaybe obtained
fromreference3.

.

.
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G(k)=H(& +n2)-3.
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